Koshiba H, Kozaki K. Relationship between cerebral blood flow estimated by transcranial Doppler ultrasound and single-photon emission computed tomography in elderly people with dementia. ultrasonography is a noninvasive technique allowing continuous recording of cerebral blood flow (CBF) velocity. However, it is unclear whether the CBF estimated by TCD would be reliable for the comparison between individuals. The present study aimed to clarify the relationship between middle cerebral artery blood flow (MCA BF) measured by TCD and regional and total CBF measured by singlephoton emission computed tomography (SPECT-CBF) with a quantification software program, a three-dimensional stereotaxic region of interest template. We recruited 91 elderly subjects with and without dementia. MCA blood flow velocity (MCA V) and middle cerebral artery cross-sectional area (AM) were measured by TCD and magnetic resonance angiography, respectively. MCA BF was calculated by the product of MCA V and AM. Diastolic or mean MCA V and MCA BF were significantly correlated with SPECT-CBF in several segments. Interestingly, the correlation coefficient in the temporal segment of SPECT-CBF was higher than those of the other segments. Moreover, correlations between MCA BF and SPECT-CBF were stronger as compared with those between MCA V and SPECT-CBF. These findings suggest that both mean MCA V and MCA BF with TCD ultrasonography would be useful for CBF comparison between individuals especially in the temporal region, although estimated blood flow with arterial area seems to be better than using simple flow velocity.
INTRODUCTION
Reduced cerebral perfusion has been reported to contribute to age-related cognitive decline and dementia (7, 11, 16) . Brain imaging techniques such as single-photon emission computed tomography (SPECT) and positron emission tomography have widely been used to quantify regional cerebral blood flow (CBF), which is clinically relevant to detection and differential diagnosis of dementia (29) . However, these techniques are expensive, unfeasible, and problematic for elderly people, especially for those with impaired daily activity (11) .
Transcranial Doppler (TCD) ultrasonography is a noninvasive, inexpensive, and portable technique with high temporal resolution, allowing continuous recording of CBF velocity through the major cerebral arteries (e.g., middle, anterior, posterior, and basilar). The TCD-determined CBF velocity has been previously validated with other measures of global CBF such the Kety-Schmidt method (18) , the Fick's principle (4, 25) , and MRI imaging (20, 27) . Thus, TCD is practical in the clinical setting and can provide physiological parameters to assess cerebrovascular function. Indeed, it was reported that TCD is useful to differentiate dementia from normal aging and Alzheimer's disease from vascular type dementia (11, 28) .
One limitation of the TCD ultrasonography is that quantification of brain blood flow is based on the assumption that changes in blood velocity represent changes in blood flow at the targeted artery. However, the accurate brain blood flow at the target vessel can be calculated by the product of blood velocity and the cross-sectional area of the vessel. It is unclear whether the above-mentioned assumption would be clinically acceptable because the effects of difference in cross-sectional area among individuals on brain blood flow estimation have not been investigated yet.
Given this background, to clarify the clinical utility of the middle cerebral artery blood flow velocity (MCA V) obtained by the TCD ultrasonography for the brain blood flow estimation, we assessed relationships between MCA V measured by TCD ultrasonography and CBF measured by SPECT (SPECT-CBF) imaging with a three-dimensional stereotaxic region of interest template program (3DSRT) (21) (22) (23) . Furthermore, to estimate the effects of different sizes in MCA cross-sectional area (A M ) on the brain blood flow estimation, we calculated middle cerebral artery blood flow (MCA BF) by the product of MCA V and A M estimated by magnetic resonance angiography (MRA). Then, we also assessed relationships between MCA BF and SPECT-CBF. Table 1 , 91 consecutive individuals (mean age 79 Ϯ 7 yr, range 61-95 yr) attending the Center for Comprehensive Care on Memory Disorders at Kyorin University Hospital were involved in the study: 6 nondemented control, 52 mild cognitive impairment, 16 Alzheimer's disease, 9 vascular dementia, and 8 mixed type dementia. The percentage of female subjects was 35% in all subjects, althoug 17% in the nondemented control, 38% in the mild cognitive impairment, 31% in the mixed type dementia, 44% in the vascular dementia, and 25% in the mixed type dementia were female, respectively. Written informed consent was obtained from all subjects before participation in this study. The study protocol and the informed consent forms, which conformed to the guidelines of the Declaration of Helsinki, were approved by the Ethics Committee of the School of Medicine, Kyorin University.
MATERIALS AND METHODS

Subjects. As shown in
MCA V measurement. The right MCA V was measured with TCD ultrasonography (EZ-Dop, DWL, Sipplingen, Germany). This method consisted of a pulsed Doppler that operated at 2 MHz and employed a transtemporal approach, permitting insonation of the M1 segment of the MCA. Depth of insonation for TCD measurements was set at 45-60 mm ( Fig. 1 ). Systolic (MCA Vsys), diastolic (MCA Vdia), and mean MCA V (MCA V mean) obtained from the waveform of MCA V were used for further analysis.
With MCA V measurement, cardiorespiratory measurements were conducted. Heart rate was monitored using a 3-leads electrocardiogram. Beat-to-beat arterial blood pressure was measured using a noninvasive tonometry monitoring system (BP-608; Omron Colin, Kyoto, Japan) obtained from the left wrist (the radial artery), which was supported at the level of the right atrium on an adjustable padded bedside support. From the waveform of arterial blood pressure, systolic, diastolic, and mean arterial blood pressure were determined. Expired air was sampled breath-by-breath, and end-tidal partial pressure of carbon dioxide was measured with a gas analyzer system (OLG-2800, NIHON KOHDEN, Tokyo, Japan).
All measurement data were sampled continuously at 1 kHz using an analog-to-digital converter (PowerLab, AD Instruments, Milford, MA) interfaced with a computer. Data were obtained by averaging across 3-min measurements in the supine position.
MCA BF measurement. The product of MCA V and AM represents MCA BF. Thus, we calculated MCA BF per minute using the following equation
For the measurement of AM, MCA diameter was determined from MRA technique at the M1 segment where the MCA generally runs laterally and somewhat anteriorly after bifurcating from the internal carotid artery (28) . On the assumption that MCA is oval in crosssection, an average diameter of three-point measurements was obtained from two orthogonal directions [(d1 ϩ d2 ϩ d3) and (d4 ϩ d5 ϩ d6)], and AM was calculated from the following equation:
Three-dimensional time-of-flight MRA was performed in a 1.5T scanner (Excelart TM VANTAGE; Toshiba Medical Systems, Tochigi, Japan) with the following parameters: repetition time (TR), 24.4 ms; echo time (TE), 5.5 ms; flip angle, 30°; field of view (FOV), 220 ϫ 220 mm; matrix, 256 ϫ 256; slab thickness, 80 mm; partition Values are expressed as means Ϯ SD. AD, Alzheimer's disease; AM, MCA cross-sectional area; All, all subjects; BMI, body mass index; DBP, diastolic arterial blood pressure; HR, heart rate; MAP, mean arterial blood pressure; MCI, mild cognitive impairment; MIX, mixed type dementia; MMSE, minimental state examination; NDC, nondemented control; SBP, systolic arterial blood pressure; PET CO 2 , partial pressure of end-tidal carbon dioxide; VaD, vascular dementia. thickness, 1 mm; number of excitations (NEX), 1; acceleration factor, 2; and scanning time, 2 min/315 s (Fig. 2 ). The three-dimensional time-offlight MRA acquisition with a single slab was scanned by applying a magnetization transfer pulse and using a tilted flip angle method (1:2, from proximal to distal) (26) . The diameter measurements for each scan were determined manually by the same observer. Any images in which the vessel boundaries were not clearly defined because of subject motion or vessel tortuosity were excluded from analysis (20) .
Brain perfusion SPECT imaging. All subjects were examined by brain perfusion SPECT. Subjects were asked to maintain a comfortable supine position with eyes closed in quiet surroundings. After an injection of 99mTc ethylcysteinate dimer (600 MBq, FUJIFILM RI Pharma Co., Ltd. Tokyo, Japan), its passage from the heart to the brain was monitored using a rectangular, large-field gamma camera (Symbia S, Siemens). For the quantification of SPECT-CBF, the Patlak plot method (17) was employed on 99mTc ethylcysteinate dimer cerebral blood perfusion SPECT to measure total brain blood flow. Quantitative flow-mapping images were obtained from the qualitative cerebral perfusion SPECT images by using Patlak plot graphical analysis and Lassen's correction (8, 15) . Data acquisition was a sequence of 120 frames at a rate of 1 s/frame with a 128 ϫ 128 matrix. Approximately 5 min after the angiography, SPECT images were obtained using a triplehead, rotating gamma camera (E.Cam Signature) equipped with low-energy, super high-resolution fan beam collimators. The energy windows were set at 140 keV Ϯ 20%, and 90 views were obtained throughout 360°of rotation (128 ϫ 128 matrix, 1.72 mm/pixel) with an acquisition time of 40 s/cycle repeated 15 times. Data processing was performed on a GMS-5500A/PI (Toshiba Medical). All images were reconstructed using ramp-filtered back projection and then three-dimensionally smoothed with a Butterworth filter (order 8, cutoff 0.12 cycles/pixel). The reconstructed images were corrected for gamma ray attenuation using the Chang method ( ϭ 0.08) ( Fig. 3) .
3DSRT program. The SPECT-CBF was quantified using a fully automated CBF quantification software program named 3DSRT (21) (22) (23) . The blood flow in each region of interest (ROI) was quantified as the value in milliliters per 100 g per minute. The 3DSRT was performed by a consecutive analyzing process as follows: 1) anatomical standardization using the SPM99 algorithm, 2) analysis using constant 318 ROIs divided into 12 groups (segments) in each hemisphere, 3) calculation of the area-weighted average for each of the respective 24 segments based on the value in each ROI, and 4) display of the results followed by the saving of respective values of the 636 ROIs (both hemispheres) in the CVS file format. These ROIs were categorized into 12 segments in the template (12) (callosomarginal, pericallosal, precentral, central, parietal, angular, temporal, lenticular nucleus, posterior, thalamus, hippocampus, and cerebellum) according to the arterial supply (anterior, middle, posterior, and vertebral cerebral artery territory) (10) . In this study, the results are expressed as the mean Ϯ SD of right SPECT-CBF in these segments.
Statistics. Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, Inc., CA). Following confirmation of distribution normality using Shapiro-Wilk W tests, data were analyzed using analysis of variance with post hoc Tukey Test. The correlation coefficients were obtained to determine the relation between MCA V, MCA BF, and SPECT-CBF using a Pearson product moment correlation. Data are expressed as mean Ϯ SD with significance for all two-tailed tests set at P Ͻ 0.05.
RESULTS
The general characteristics of the subjects are shown in Table 1 . Mean of MCA V sys , MCA V dia , and MCA V mean measured by TCD ultrasonography were 69 Ϯ 15 cm/s, 23 Ϯ 7 cm/s, and 42 Ϯ 10 cm/s, respectively. Middle cerebral artery systolic blood flow (MCA BF sys ), middle cerebral artery diastolic blood flow (MCA BF dia ), and middle cerebral artery mean blood flow (MCA BF mean ) calculated by product of MCA V and A M were 124 Ϯ 37 ml/min, 41 Ϯ 16 ml/min, and 76 Ϯ 25 ml/min, respectively.
The SPECT-CBF values of each segment of the right brain were 35 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 in the callosomarginal, 35 Ϯ 5 ml·100 g Ϫ1 ·min Ϫ1 in the pericallosal, 37 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 in the precentral, 36 Ϯ 5 ml·100 g Ϫ1 ·min Ϫ1 in the central, 34 Ϯ 5 ml·100 g Ϫ1 ·min Ϫ1 in the parietal, 38 Ϯ 7 ml·100 g Ϫ1 ·min Ϫ1 in the angular, 33 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 in the temporal, 37 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 in the lenticular nucleus, 39 Ϯ 5 ml·100 g Ϫ1 ·min Ϫ1 in the posterior, 31 Ϯ 5 ml·100 g Ϫ1 ·min Ϫ1 in the thalamus, 26 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 in the hippocampus, and 46 Ϯ 6 ml·100 g Ϫ1 ·min Ϫ1 in the cerebellum, respectively. Total brain blood flow was 39 Ϯ 4 ml·100 g Ϫ1 ·min Ϫ1 .
Correlations between MCA V and SPECT-CBF in each segment and total brain blood flow were evaluated by Pearson product moment correlation analysis ( Table 2) . Correlation between MCA V sys and SPECT-CBF was not significant in all segments. MCA V dia was significantly (P Ͻ 0.05) correlated with SPECT-CBF of the callosomarginal, pericallosal, precentral, temporal, thalamus, and hippocampus segments. Similarly, MCA V mean was significantly (P Ͻ 0.05) correlated with SPECT-CBF of approximately the same segments as MCA V dia , but the correlation coefficients were lower in V mean than in V dia at each segment. Both in MCA V dia and MCA V mean , the correlations with SPECT-CBF in the temporal segment ( Table  2 and Fig. 4 ) were stronger than those in the other segments. Total brain blood flow was significantly correlated with MCA V dia and MCA V mean .
Correlations between MCA BF and SPECT-CBF in each segment and total brain blood flow were also evaluated by Pearson product moment correlation analysis (Table 3 ). Different from MCA V sys , MCA BF sys calculated by the product of MCA V sys and A M showed significant (P Ͻ 0.05) correlation with SPECT-CBF except for the callosomarginal, pericallosal, precentral, and central segments. MCA BF dia and MCA BF mean were correlated with all segments of SPECT-CBF except for the central segment, and the relations were stronger than those shown by MCA V dia and MCA V mean , respectively. Similar to MCA V, the SPECT-CBF in the temporal segment (Table 3 and Fig. 5 ) showed stronger correlation with MCA BF sys , MCA BF dia , and MCA BF mean than did the other segments. Total brain blood flow showed strong correlation with MCA BF sys , MCA V dia , and MCA V mean .
DISCUSSION
The major findings of the present study were 1) that indices of TCD-measured brain blood flow, MCA V dia and MCA V mean, were significantly correlated with total brain blood flow evaluated by a standard method of SPECT and with a number of anatomical brain segments, particularly in the temporal segment evaluated by 3DSRT and 2) that this correlation became more prominent when MCA BF obtained by the product of MCA V and A M evaluated by MRA was used as an index of TCD-measured brain blood flow. In addition, 3) the brain blood flow of the temporal region evaluated by 3DSRT showed stronger correlation with MCA BF dia and MCA BF mean than the other regions of brain, similarly in MCA V dia and MCA V mean . These findings suggest that the measurement of MCA V dia and MCA V mean with TCD ultrasonography could be used for brain blood flow comparison between individuals, although the fact that MCA BF showed stronger correlation with the standard method than MCA V suggests significant effects of different cross-sectional areas between individuals on brain blood flow quantification by the TCD ultrasonography. Moreover, the finding that MCA V and MCA BF most reflect its supplying region of brain blood flow suggests that TCD ultrasonography is useful for assessing regional brain blood flow rather than total brain blood flow. TCD measurement has been conducted by the principle that the Doppler probe emits sound waves that are reflected off moving red blood cells, which are subsequently detected by the transducer. The resultant Doppler-shift is proportional to the velocity of the blood (1, 5) . Thus, TCD only measures CBF velocity not CBF per se. Because the flow of blood through a vessel is obtained by the product of blood velocity and the cross-sectional area of the vessel, there is a possible problem with a comparison of magnitude-relation of TCD-detected CBF velocity between individuals. In the present study, we therefore analyzed the relationships between TCD-measured MCA V and SPECT-CBF with the 3DSRT program, which has been developed as a fully automated regional CBF quantification software (21) (22) (23) . Consequently, TCD-measured MCA V dia and MCA V mean have shown stronger correlation with SPECT-CBF in the temporal segment than in the other segments ( Table 2 and Fig. 4 ). Given the fact that blood flow of the temporal segment is mainly supplied by the MCA, it should be reasonable that MCA V dia and MCA V mean showed the strongest correlation with the temporal segment. Furthermore, these results suggest a utility of TCD-measurement in MCA V dia and MCA V mean for the quantitative comparison of temporal CBF between individuals.
In the present study, MCA V dia and MCA V mean showed a strong correlation with SPECT-CBF of the thalamus and hippocampus segments. Given that the hippocampus is closely associated with dementia (6), the strong correlation between TCD-measured MCA V dia or MCA V mean and SPECT-CBF of the hippocampus segment suggested that TCD ultrasonography is a possible screening tool of dementia. However, because blood flow of the thalamus and hippocampus segments is supplied not only by MCA but also by the posterior cerebral artery, its clinical application needs further studies.
There has never been, to our knowledge, any reports regarding the way the phase of cardiac cycle would be related to the regional CBF. In the present study, correlation between MCA V sys and SPECT-CBF was not significant in all segments. However, MCA V dia showed strong correlation with SPECT-CBF in a number of segments. Although it is unknown exactly why the MCA V of the systolic phase was not related with SPECT-CBF, it is thought to be causally related to arterial compliance. The blood velocity through a vessel is obtained by dividing the flow of blood with the cross-sectional area of the vessel. Therefore, in the case of the same blood flow volume, low arterial compliance causes smaller cross-sectional area than high arterial compliance does in the systolic phase, leading to high blood velocity in the systolic phase. Namely, velocity in the systolic phase might be influenced by individual arterial compliance difference.
Given that TCD ultrasonography could measure only CBF V not CBF per se, we estimated MCA BF by multiplying TCDdetected MCA V with A M determined by MRA. Consequently, the correlations with SPECT-CBF were stronger in MCA BF than in MCA V in all cardiac phases. Furthermore, the MCA BF showed the same tendency with MCA V regarding the correlations with temporal CBF, which were higher than those with the other segments. These results suggested that MCA BF is superior to MCA V for assessing the regional CBF.
There are several limitations in the present study. First, although the usefulness, validity, and objectivity of 3DSRT have been reported previously (12-14, 21, 22, 24) , this program is not universally accepted. Second, the TCD method still poses considerable technical difficulties. Approximately 30% of subjects did not provide clear MCA blood flow signals because of poor insonation of the cranial window (9) . Because the present study was targeted for the elderly, clear TCD signal could not be obtained in~34% of subjects. Third, measurement of end-tidal partial pressure of carbon dioxide was not made during the SPECT and MRA examinations, whereas CBF and cerebral vasculatures are highly sensitive to changes in the partial pressure of arterial CO 2 (2, 3, 19) . Thus, some of variance between two techniques may be explained by different physiological conditions. Lastly, the subjects in this study were recruited at the Center for Comprehensive Care on Memory Disorders at Kyorin University Hospital. Thus, our results can be applied only to clinic-based outpatients. Applying the present findings to community populations may require further investigation. In summary, TCD measurement of CBF V through an MCA (MCA V dia and MCA V mean ) strongly reflects the blood flow of the temporal segment where MCA supplies blood. Thus, MCA V dia and MCA V mean are likely to be useful for the quantitative comparison between individuals. Furthermore, MCA BF calculated by the product of MCAV and A M was superior to MCA V for assessing the regional CBF. This fact implies that a simple measurement of MCA V holds a certain amount of variance because of the individual difference of arterial crosssectional area. Despite this inevitable variance of this technique, our findings indicate that MCA V evaluated by TCD ultrasonography is expected to be widely used in various clinical settings such as the diagnosing of dementia, although further study is necessary for understanding the utility of these indices.
